This study evaluated cell viability, microhardness and flexural strength of two ceramic composites systems (ZA and AZ), pure alumina and zirconia. There were prepared homogeneous mixtures of 78wt%Al2O3+20wt%3Y-TZP+2wt%Al2O3w (AZ) and 80wt%3Y-TZP+18wt%Al2O3+2wt%Al2O3w (ZA), as well as 3Y-TZP (Z), pure Al2O3 (A) and commercial monolithic 3Y-TZP (Zc). Also mouse fibroblast cells 3T3-L1 and a MTT test was carried out at 24, 48 and 72 h. The surfaces were observed with SEM and the microhardness and three-point flexural strength values were estimated. The absolute microhardness values were: A>AZ>Z>Zc>ZA. Flexural strength of Zc, Z, and ZA were around double than AZ and A. All groups showed high biocompatibility trough cell viability values at 24, 48 and 72 h. Factors like grain shape, grain size and homogeneous or heterogeneous grain distributions may play an important role in physical, mechanical and biological properties of the ceramic composites.
INTRODUCTION
A wide variety of dental polycrystalline ceramics such as alumina, zirconia and alumina-zirconia composites has been introduced into the praxis to combine the desired aesthetics with superior mechanical performance. Zirconia crystals are high-strength ceramics that can be organized in three different patterns: monoclinic (M), cubic (C), and tetragonal (T). By mixing ZrO 2 with metallic oxides, such as MgO, CaO, Y2O3 1) or Ceria 2) , great molecular stability can be obtained 1, 2) . ZrO2 stabilized with Y2O3 (Y-TZP) shows better mechanical properties and superior resistance to fracture than other combinations; although its sintering is much more difficult 3) . However the disadvantage of Y-TZP is its reduced stability against low temperature degradation, a phenomenon due to a spontaneous slow transformation of the crystals from the tetragonal phase to the less stable monoclinic phase resulting in a significant decrease in strength 4) . Alumina-zirconia composites combine the positive properties of Al 2O3 (wear resistance, hydrothermal stability and hardness) with those of Y-TZP (strength and fracture toughness). De Aza et al. 5) mention the two different ZrO2-Al2O3 ceramics systems: ZrO2, reinforced with alumina particles and Al2O3, reinforced with zirconia particles, testing their properties. Both types of composites, achieved the properties of crack growth resistance respect to pure monolithic ceramics. Santos et al. 6) observed a linear increase in hardness of Y-TZP bioceramics as the amount of Al2O3 particles was increased. Kim et al. 7) reported that when Y-TZP was reinforced with addition of 20 vol% Al2O3, exhibited the highest strength and toughness and showed no hydrothermal degradation while aging in an autoclave. Kirsten et al. 8) have revealed that a substantial amount of Al2O3 in a zirconia matrix, produces a significant reduction of subcritical crack growth.
Bioceramics not only require good mechanical qualities but also adequate levels of biocompatibility. Proliferation of fibroblast analysis in vitro represents a reliable and sensitive method to determinate levels of biocompatibility for different ceramic materials 9, 10) . Polycrystalline zirconium dioxide has been highly suitable for dental use because of its properties like high low cytotoxicity and reduction of bacterial adhesion with low corrosion potential 11) . Stabilized Zirconia Y-TZP in combinations with other ceramics like hydroxyapatite, alumina or carbon nanotubes composites has been reported as an acceptable composition for biomedical applications without biocompatibility alterations 6, 7, 12, 13) . The present work emerged as a working hypothesis that the reinforcement of ZrO 2 with alumina particles (ZA) and the reinforcement of Al2O3 with zirconia particles (AZ) improve their mechanic behavior without modifying their biocompatibility properties. The aim of this study was to evaluate cell viability after the contact of two different ceramic composites systems (Z A and AZ) with potential medical dental applications, estimated through a MTT assay method and its relation with Vickers microhardness, three-point flexural strength values and microstructural characteristics, and to compare those characteristics with pure alumina and pure zirconia ceramics. bed powders and sintered at 1,500°C for 2 h in air at a heating rate of 10°C min −1 . After sintering, the furnace was turned off and it was left to cool down. A total of 30 samples were obtained, out of which 25 were used for the microhardness analysis, 5 for the biocompatibility tests, and 5 for SEM evaluation. All samples were ground and polished with SiC papers in sequence of #600, #800, #1000, and #1200, then polished with diamond pastes of both 0.5 and 0.25 µm and subsequently thermally etched in air for 40-60 min at 150°C below the sintering temperature. Ceramic composites samples were enlisted on 5 different groups on Table 2 : Group 1 Pure monolithic alumina (A); group 2 zirconia toughened alumina with 2% whisker addition, referred to as A Z; group 3 alumina toughened zirconia with 2% whisker addition, referred to as Z A; group 4 zirconia (ZrO2) doped with yttria at 3 mol%, referred to as Z specimens and group 5 commercial monolithic 3Y-TZP, referred to as Zc.
MATERIALS AND METHODS
Microstructural characteristics (SEM analysis): Five samples were analyzed by scanning microscopy analysis, one specimen per group was prepared by polishing their surfaces, cleaned by ultrasonic treatment and then observed with Scanning Electron Microscope (SEM, JEOL JSM7401F) using an accelerating voltage of 2-10 kV. Vickers microhardness: According to the standard ASTM C 1327-99 for Vickers indentation, hardness measurements were carried out by using a Microhardness Tester FM-7 (Future-Tech, Tokyo, Japan). Six measurements per sample were made, (n=5) obtaining a total of 30 microhardness measurements per group to determine the average of hardness.
Flexural strength measurement: Three-point flexural strength was measured according to the ASTM 855-90 standard. Ten specimens were prepared for each group (n=50). After sintering procedures and cuts, specimens were approximately in dimensions of 6.4×8.3×40.3 mm.
Before the flexural strength test, the dimensions of the specimens were measured with a digital micrometer (Digimatic Caliper Series 500, Mitutoyo, Japan) to the next 0.01 mm. The specimens were tested dry at room temperature. They were placed in the appropriate sample holder and loaded in a Universal Testing Machine (ISTRON Series IX Automated Testing System US) at a cross-head speed of 1 mm/min until failure. The flexural strength was calculated according to the following formula: σ=3Nl/2bd2 [σ: flexural strength, N: fracture load (N), l: distance between supports (mm), b: width of the specimen (mm), d: thickness of the specimen (mm)].
Cell viability assay: For the biocompatibility analysis, 5 ceramic samples were employed, each sample was divided into nine flakes, obtaining nine ceramic samples per group (1.5±0.05 mm length and 6.6±0.19 mm diameter specimens) for each group (n=45), all the ceramics flakes were sterilized by exposing both sides to ultraviolet irradiation during 5 min. 3T3-L1 mouse embryonic fibroblast-like cells (Fig. 1 ), were exposed to specimens and proliferation was assessed measuring the enzymatic activity of reductase by transformation of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into a colored reduced form. The cell line was grown in Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10% bovine fetal serum (Gibco) and 100 U/mL penicillin-streptomycin in a 95% RH, 5% CO 2 atmosphere at 37°C. For cytotoxicity experiments, a culture medium was prepared following the ISO10993-5 specifications described by ANSI/AAMI/ISO 10993-5:1999, then 1×104 cells were introduced in 24-well sterile plates (Nunc-Thermo Fisher Scientific, Roskilde, Denmark) and incubated in these culture media for 24 h. Three samples per group and time period were placed in contact with the cells and incubated during 24, 48 and 72 h at 37°C. After incubation, the staining solution was removed and the cell viability was measured in a MTT assay following the manufacturer's instructions (SigmaAldrich). The absorbance of reduced MTT was measured at a wavelength of 655 nm in a Bio-Rad 680 (PROMEGA Biotech Ibérica, Madrid, Spain) micro plate reader. Cell cultures with no ceramics were used as controls. Each assay was made in triplicate.
Statistical analysis: To compare the microhardness between the different types of synthetic ceramics, the data distribution was not compatible with the normal distribution in any of the study groups (KolmogorovSmirnov Test). Therefore the Kruskal-Wallis test was used, followed by the U Mann-Whitney test. In the cell viability analysis, a complete factorial ANOVA was applied for repeated measurements with an intraindividual repeated measurement design factor (time) and an inter subjects factor (ceramic type) after verifying a normal distribution and variance homogeneity. The comparison between the various times for each experimental group was performed using a t-test for related samples. One-way ANOVA and the Tukey's test were applied to compare the results of the three-point bending strength test between groups. Differences were considered significant at p<0.05. Table 2 shows the mean value and SD of microhardness of all groups. If we compare the values of the pure materials, pure alumina (A) shows the best behavior with the higher values of microhardness with respect to pure 3Y-TZP (Z) and commercial zirconia (Zc). Pure Al 2O3 (A) and pure 3Y-TZP (Z) in composites always manifested a significant reduction of microhardness values respect to a higher percentage of each pure material. A Z composites with 78.0 wt% Al2O3, obtained the higher microhardness values respect to ZA with 80% 3Y-TZP. AZ composites showed a better behavior than pure materials and commercial zirconia. These are the compared absolute values of microhardness: A>A Z>Z>Zc>ZA. Table 2 shows the mean value and SD of three-point flexural strength. The highest flexural strength values were observed in groups Zc, Z and ZA with no statistically significant differences between them. The lowest values were obtained in group A, although the group A Z values were 30% higher than the group A no significant differences were found. Two statistically different ceramic materials groups were distinguished with respect to flexural strength values, groups Zc, Z and Z A with values, around double, with respect to A and AZ. In summary Zc=Z=ZA>AZ=A.
RESULTS
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The ANOVA for repeated measures showed statistical significance in the time factor (F=3.391, p=0.024) and no significance in the ceramic factor and the time-ceramics interaction. Figure 2 shows the cell viability % values of ceramic groups assessed through the cell viability assay in 3T3 fibroblast-like cells at 24, 48 and 72 h. Results showed a general non-toxic effect of the ceramics on live fibroblastic cells with no significant differences between any of the ceramics studied, but they evinced differences on viability values between immersion times (p<0.05), an observed increase in cell proliferation at 24 h and a decreasing trend of fibroblasts cell numbers at 48 h except in the ceramic groups A and Zc. Biocompatibility of Z A and AZ was higher than 115%, surpassing pure ceramics (A and Z). However all ceramic groups registered high viability cell values, higher than 91.5% except for Z that showed the lowest of cell viability values (83.58%). At 72 h of immersion the cell viability values were around 100% for the ceramic composites Z A and AZ, they were lower for pure ceramics (A and Z) and commercial zirconium (Zc), between 92-93% although this decrease was not statistically significant with respect to the 48 h immersion time. Finally, Z and Zc was the only material that did not provide significant differences in cell viability in the three instances studied.
Findings of microstructural characteristics
Scanning Electron Microscope micrographs developed differences on the samples' microstructures through surfaces analysis at different magnifications. Different size and shape patterns were observed when comparing Z A and AZ composites surfaces microstructures through SEM images at the same magnifications, showing differences in grain size and grain distributions, and between both ceramics microstructures, where clear grains corresponded to zirconia and dark grains corresponded to alumina. In Z A composite, alumina grains appear in variable sizes respect to zirconia grain size as a consequence of the compression received from the main zirconia matrix (80.0 wt%) (Fig. 3) , on AZ composite alumina grains caused an irregular distribution of zirconia grains (20.0 wt%), whereas alumina grains presented larger sizes respect to zirconia grains and alumina appears as constitutive of the main matrix with 78.0 wt% (Fig. 4) . The grain size of zirconium oxide grains strengthened A Z composites; this was observed in minor dimensions respect to the zirconium oxide grains as a matrix of Z A composites. The same happened to the Aluminum oxide grains in Z A composites, with a minor dimension respect to the Aluminum oxide grains as a matrix of AZ. Pure alumina ceramic surfaces show heterogeneous grain sizes, some of them superior to 1 µm (Fig. 5) . On the opposite side, pure zirconia (Z) shows uniform grain sizes and grain distributions with average grain size, generally under 1 µm, (Fig. 6 ). Microstructural differences between these ceramic groups were notorious not only in grain sizes and shapes but also on the degrees of contraction after the sintering process. Commercial zirconia (Zc) pressed by isostatic and pre-sintered treatments showed the most homogenous and smaller grain sizes at nanometric scale (Fig. 7) . Compared to Z submitted to uniaxial pressure, Zc showed better qualities of grain distribution after sintering at 1,500°C during 2 h. These ceramics achieved smooth surfaces after the polishing process due to the absence of inter granular spaces (Fig. 8) .
DISCUSSION
This work shows that the reinforcement of ZrO2 with alumina particles (ZA) and the reinforcement of Al2O3 with zirconia particles (AZ) do not improve their Vickers microhardness with respect to pure ceramic or commercial material. On the other hand, flexural strength values show an opposite behavior, where pure zirconia material (Zc and Z) or in ceramic composites with high ZrO 2 (ZA) has a better mechanic behavior than A and AZ, therefore we have to reject the working hypothesis, although none of these ceramic composites modified their biocompatibility properties. Microhardness was observed to be superior in composites with higher alumina content; although Z A composites that contain 18 wt% of alumina, registered the lower values (13 Gpa) respect to all the composites ceramics groups, including those groups without any alumina content (Zc and Z), however, these ceramic composites obtained higher values of flexural strength. These results do not agree with De Aza et al. 5) , who observed that fracture toughness values of ZrO2, reinforced with alumina particles, and Al2O3, reinforced with zirconia particles increased in comparison with pure ceramic values.
Our results agree with previous studies of mechanical properties performed on alumina and zirconia mixtures at different concentrations: composites with less alumina contents experienced a decrease in microhardness while the fracture toughness increased. Composites with higher alumina contents experienced a decrease in fracture toughness whiles the microhardness increased 14) . The grain size and density degree also played an important role in the final microstructure characteristics of the ceramic composites. Biocompatibility of dental ceramics has been largely assumed because they do not induce any specific response in the host organism 15) , but the same papers suggests that some of them, such as lithium disilicates are not biologically inert and not all ceramic materials are equivalent in their in vitro biological behavior, therefore, in particular, new dental ceramics should be tested for biologic safety 16) . The ceramic material employed as the composite's constitutive matrix may play an important role to determine the physical properties and the degree of influence on living organisms. In this research, the ceramic composites tested showed high biocompatibility through high cell viability in all three immersion times studied, proving to be promising materials. MTT is a colorimetric test for measuring enzyme activity that reduces MTT, obtaining a purple color. Its main application allows the assessment of viability (cell counting) and cell proliferation (cell culture assays). The cell proliferation values results can be considered within the standard range according with literature reports 10) . Cell test showed a high level of viability of the examined cells in contact with all ceramic composites, agreeing with other investigations about ceramics biocompatibility. The explanation is that cell mechanisms manifested adequate and not interrupted collagen synthesis in fibroblasts, in contact with ceramics composites. Other authors consider ceramic composites for future medical applications in tissue regeneration 17) . Cytotoxicity phenomena represent a risk for heterogenic materials used in the human body that may cause acidic degradation of some substances and degradation kinetics 18) . Although the instability of some materials may contribute to inflammatory response, the viability may be decreased from the initial cell density by the predominant factors in the decreased cell viability 10) . Respect to viability values, it was found that ceramic composites AZ and ZA have the higher means of cell proliferation at 24 h. In general at 48 h, a slight decrease in cell viability values was statistically significant in all groups except in the ceramic groups and Zc. However, all ceramic groups registered high values of cell viability, higher than 91.5%. Variations on ceramic compositions and the compaction treatment might cause microstructural changes in different dental ceramics after their sintering, altering physical, mechanical and biological properties. A fact worth mentioning is that commercial zirconia group (Zc) received isostatic pressing and pre-sintering treatment, according to the manufacturer, which conferred better microstructural qualities respect to pure Z constituted by zirconia processed by uniaxial pressure and sintered in one step; instead the Zc shows a better and more compact structure free of pores and with a minimal interphase space between grains, in comparison with pure Z. It appeared that the grain size influences the microhardness and three point flexural strength values, since the lower values of microhardness and higher value of flexural strength were obtained where the grain size and uniform was smaller (<1 µ), like the group Zc. On the other hand, the highest values of microhardness and lower values of flexural strength were observed in the group of pure alumina with the greatest grain sizes (>1 µ); this aspect is relevant for the composites studied. Kalmodia et al. 19) mention that some ceramic composite materials exhibit the ability to promote cell adhesion and proliferation on their surface when alumina is added to compositions, but in our results, the cell viability and alumina content ratio was observed as irrelevant, not finding important differences between the different ceramics studied. The innovation with new ceramic materials for biomedical applications requires yet to be tested in order to prove they are suitable for such purpose 20) . In this research, no link was found between microhardness, three point flexural strength and cell viability; however was observed an opposite behavior between microhardness and flexural strength, where the highest microhardness values correspond to the lowest flexural strength and vice versa. Other factors like grain shape, grain size and homogeneous or heterogeneous grain distributions may have an influence, since composites with homogenous grain sizes and shapes also showed the higher biological properties due to promotion of cell proliferation of fibroblasts. Implanted ceramic composites do not bond directly to the tissue by chemical interface reactivity (biological fixation), but only by tissue growth into surface irregularities (morphological fixation). Cell cultures may be used not only to test material cytotoxicity, but also to investigate surface-dependent responses of bone-forming cells 21) . The development of new ZA-AZ materials progresses dynamically in current dentistry; their mechanical and compatibility properties should be analyzed in search for correlations in order to ensure their safe use 22) . Extensive investigations are needed on these materials in order to determine their adequate applications as restorative-implant materials. flexural strength values and cell viability.
